The mammalian spindle midzone or central mitotic spindle formed between the two separating sets of chromatids consists of bundled interdigitating microtubules (MTs) (18) . Only at this time of the cell cycle do mammalian cells generate stable and bundled MTs. Numerous proteins required for cell cleavage accumulate at the midzone of mitotic spindles and play important roles for the completion of cytokinesis in several experimental systems (18) . Proteins belonging to this category include chromosomal passenger proteins, such as the inner centromere protein (INCENP), Aurora, and survivin; MT motor proteins, such as CHO1/MKLP1 and KLP3A; and the polo family kinases (75) . Among these proteins, some play essential roles in regulating density and bundling of the central mitotic spindles and are required for proper formation of the spindle midzone (1, 37, 48, 51, 61, 74) . As the cleavage furrow closes, the midbody is formed at the center of intracellular bridging MTs (75) . Although the function of the midbody is still not clear, studies from several experimental systems have suggested that the midbody helps coordinate cytokinesis and G 1 phase transition (46, 75) .
The dual-specificity phosphatase Cdc14 is conserved from yeast to mammals and plays a variety of roles during cell division (64) . In budding yeast Saccharomyces cerevisiae, Cdc14 functions primarily to inactivate cyclin-dependent kinase (CDK) activity at the end of mitosis, thereby allowing reentry into G 1 phase. Cells that lack Cdc14 arrest with elongated mitotic spindles, separated chromosomes (49) , and high levels of Clb-Cdc28 kinase activity (67) . Cdc14 inactivates CDK through dephosphorylation of the cyclin-dependent kinase inhibitor Sic1, which is thereby stabilized, and dephosphorylation of Cdh1, which is then able to activate the anaphase-promoting complex, the E3 ubiquitin ligase that degrades the Clb B-type cyclins (24) . The low CDK state in G 1 phase is essential for the establishment of origins of DNA replication for the ensuing S phase (8) . Incomplete inactivation of CDK activity (for example, in cells that lack the CDK inhibitor Sic1) causes massive replication defects and genome instability (30, 43) . From G 1 until early anaphase, Cdc14 is sequestered in an inactive state in the nucleolus (55, 68) . Release of Cdc14 from the nucleolus and exit from mitosis is dictated by the Cdc14 early anaphase release network and mitotic exit network (58, 59) . In the fission yeast Schizosaccharomyces pombe, the Cdc14 homolog Clp1/ Flp1 appears to function primarily in determining the onset of mitosis (7, 65) . In addition to its role in mitotic exit in budding yeast, activation of Cdc14 in early anaphase leads to dephosphorylation of Sli15, which in turn directs the Sli15-Ipl1 (IN-CENP-Aurora) kinase complex to the anaphase spindle and promotes midzone spindle assembly (45) . There is also evidence that Cdc14 helps mediate spindle assembly in Caenorhabditis elegans, where CeCDC-14 is localized to the central spindle and midbody (16) . Suppression of CeCDC-14, using RNA-mediated interference, leads to embryonic lethality, primarily due to failure in establishing central mitotic spindles and cytokinesis (16) .
In humans, two CDC14 paralogs, CDC14A and CDC14B, have been identified (32) . CDC14A dynamically localizes to the interphase centrosome and plays a role in centrosome separation (27, 33) . Similar to the budding yeast Cdc14, CDC14A can dephosphorylate Hct1/Cdh1 (3) and INCENP (17) . The Xenopus othologs of human CDC14A, called XCdc14␣ and XCdc14␤, are essential for embryonic division and localize to the nucleolus and centrosome, respectively (26) . In contrast to CDC14A, CDC14B has not been studied in detail, except that CDC14B associates with nucleoli (27) , centrosomes, and intranuclear filaments, and it may be involved in nuclear structure maintenance (39) .
Here, we show that the CDC14B protein can bind, bundle, and stabilize MTs in vitro independently of its catalytic activity. We demonstrate that CDC14B localizes to the equator of central spindles in anaphase and to the center of the midbody during telophase and cytokinesis. Overexpression of cytoplasmic CDC14B causes MT bundling and stabilization in interphase cells. Moreover, MT nucleation from the microtubule organization center (MTOC) was delayed in cells with bundled MTs. The regulated localization of CDC14B may therefore directly control spindle assembly and disassembly during mitosis.
MATERIALS AND METHODS
Cell culture and transfection. U-2OS (ATCC), Saos-2 (ATCC), and 293T (ATCC) cells were cultivated in high-glucose Dulbecco's modified Eagle's medium (Invitrogen), supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 g/ml streptomycin in a 5% CO 2 atmosphere at 37°C. Cells were transfected by FuGene 6 (Roche) or Lipofectamine Plus (Invitrogen) according to the manufacturer's instructions. After 21-h transfection of Cdc14B plasmids, cells were treated with MT-depolymerizing drugs: nocodazole (10 g/ml, 2 h; Sigma), vinblastine (1 M, 4 h; Sigma), or Colcemid (500 ng/ml, 4 h; Sigma).
For the nocodazole washout experiment, U-2OS cells transfected with different Cdc14B-FLAG plasmids were exposed to nocodazole at a final concentration of 10 g/ml for 2 h. The drug was removed by being rapidly washed three times in warm phosphate-buffered saline (PBS). Cells were fixed at 2, 4, 6, 8, 10, and 12 min after washout in methanol at Ϫ20°C and then processed at room temperature for immunofluorescence staining of CDC14B and ␣-tubulin.
Cloning and site-directed mutagenesis. Cdc14B open reading frame (ORF) cDNA was amplified by PCR from the Marathon human heart cDNA library (Clontech) using the following primers: forward, 5Ј-ACTCCCGGGTCCATGA AGCGGAAAAGCGAGC-3Ј; and reverse, 5Ј-AGTCCCGGGTTAACGCAAG ACTGTTTTAGTCC-3Ј. The PCR product was digested with SmaI and cloned into the SnaBI site of pMX-pie vector (a kind gift from Gerry Nolan) carrying an N-terminal 6-myc epitope tag. Sequencing analysis of the resulting plasmid confirmed that the Cdc14B cDNA was identical to hCdc14B in GenBank (AF023158.1), except for a T-to-C transition at position 52 from the first ATG. The BamHI/BglII fragment containing the myc-tagged Cdc14B was subcloned into pRSHisGal (MT852) yeast expression vector. The last 68 bp of Cdc14B were deleted from this construct. All of the Cdc14B mutants (C314S, D287A, KKIR29-32AAIA, and KKIR29-32AAIA plus C314S) were generated by sitedirected mutagenesis using the QuikChange Site-Directed Mutagenesis kit (Stratagene) and verified by sequencing analysis. Annealing primers used for site-directed mutagenesis will be provided upon request. Cdc14B expression plasmids were generated by subcloning the entire Cdc14B ORF into pET16b (Novagen), pGEX-3X (Amersham Biosciences), p3xFlag-CMV-14 (Sigma), and pEGFP-N3 (Clontech) vectors. The inducible expression system of Cdc14B was generated by subcloning the C-terminal enhanced green fluorescent protein (EGFP)-tagged Cdc14B into pBI-tet vector (Clontech). Cdc14A ORF cDNA was amplified by PCR from the Marathon human testis cDNA library (Clontech) using the following primers: forward, 5Ј-CATAGAATTCCATGGCAGCGGA GTCAGGGGAAC-3Ј; and reverse, 5Ј-CGCTGCGGCCGCTTAGTAATGAA CATATTCAGACTG-3Ј. The PCR product was cloned into pMXpie. Sequencing analysis of the resulting plasmid confirmed that the Cdc14A cDNA insert was identical to hCdc14A in GenBank (AF122013). The BamHI/NotI fragment containing myc-tagged Cdc14A was subsequently subcloned into pRSHisGal and the entire ORF was subcloned into pET16b. MAP4 MTB (MT binding domain, 692 to 1,151 amino acids of MT-associated protein 4 [MAP4]) (22) was amplified from a Marathon human brain cDNA library (Clontech) using the following primers: forward, 5Ј-GGAGCTCCCACCAAGCCCA-3Ј; and reverse, 5Ј-GATGCTTGT CTCCTGGATCTG-3Ј. It was then cloned into pET16b.
Antibodies and immunofluorescence.
Rabbit anti-CDC14A and anti-CDC14B antibodies (affinity purified with CDC14A and CDC14B peptides, respectively) were purchased from Zymed Laboratories, Inc. To increase the antibody specificity for CDC14B, the antibody was engaged for an additional round of affinity purification using glutathione-S-transferase (GST)-CDC14B fusion protein or CDC14B separated by factor Xa from a GST-CDC14B fusion on a nitrocellulose membrane. The antibody was eluted with a buffer containing 0.75 ml of 4 M MgCl 2 and 50 g/ml bovine serum albumin (BSA). The buffer was then exchanged over an NAP-10 column (Sephadex G25 medium, DNA grade; Pharmacia Biotech) equilibrated with 50 g/ml BSA in PBS. Each fraction was then tested by immunocytochemical and Western blot analyses. To verify the specificity of the antibody, the CDC14B antibody was either preabsorbed to a GST-CDC14B fusion protein on beads (depleted) or preincubated with glutathioneeluted GST-CDC14B protein in solution (competed). Both the depleted and the competed antibody fractions were used for Western blotting and immunostaining as controls of antibody specificity.
Mouse anti-myc (9E10) and anti ␤-actin monoclonal antibodies were obtained from Santa Cruz and Cytoskeleton, Inc., respectively. For double immunostaining, rabbit anti-CDC14B and mouse anti ␣-tubulin (B-5-1-2; Sigma), or mouse anti-acetylated ␣-tubulin (6-11B-1; Sigma) antibodies were used. For double staining of CDC14B-FLAG transfected cells, mouse anti-FLAG M2 (Sigma) and rabbit anti-␣-tubulin (Neo Markers) antibodies were used. Alexa Fluor 568 goat anti-rabbit immunoglobulin G and Alexa Fluor 488 goat anti-mouse immunoglobulin G were purchased from Molecular Probes, Inc.
For immunostaining, U-2OS cells were either grown on coverslips or in slide chambers. We fixed cells in 100% methanol at Ϫ20°C, followed by brief extraction with 0.5% NP-40. In some experiments, cells were also fixed with 2.5% paraformaldehyde in PBS for 10 min, followed by 0.1% Triton X-100 extraction at room temperature. Both fixation protocols gave rise to the same staining patterns in this study. Immunofluorescence images were visualized with a Zeiss immunofluorescence microscope and acquired with a charge-coupled device camera using the Photoshop software.
Immunoblotting, recombinant protein production, and phosphatase assay. U-2OS cell pellets were lysed in buffer 3 (1% NP-40, 0.1 M Tris, pH 8.0, 0.15 M NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride). To prepare yeast cell lysates, cells propagating in log phase were collected, and proteins were released by being vortexed in acid-washed glass beads containing 10% trichloroacetic acid. The protein pellets were resuspended in buffer 3, followed by pH adjustment. Forty micrograms of total lysates was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to nitrocellulose membrane with a semidry electrophoresis transfer apparatus (Bio-Rad) and probed with antibodies according to the manufacturer's instructions. Blots were developed using the ECL system (Pharmacia Amersham Biotech).
GST-CDC14B, CDC14B-His, CDC14A-His, and MAP4 MTB -His fusion proteins were prepared as described according to the manufacturer's instructions. Briefly, Escherichia coli cells carrying GST-or His-tagged plasmids were induced by 1 mM (final concentration) IPTG (isopropyl-ā-D-thiogalactopyranoside) for 4 h at 30°C, and soluble fractions were isolated with glutathione-Sepharose beads (Amersham Pharmacia) or nitrilotriacetic acid-Ni beads (QIAGEN), respectively. A phosphatase assay was performed at 30°C in a volume of 100 l containing 15 mM -nitrophenyl phosphate, 50 mM imidazole, pH 6.9, 1 mM dithiothreitol, 1 mM EDTA, and equal amounts of each recombinant protein (ϳ2 g). The reaction was terminated by the addition of 400 l of 0.25 N NaOH, and absorbance was read at an optical density of 405 nm on a spectrophotometer.
In vitro microtubule-binding and -bundling assay. MT-binding assays were performed with the Microtubule Associated Protein Spin-Down Biochem Assay kit (Cytoskeleton, Inc.). Purified His-tagged CDC14A, CDC14B, and MAP4 MTB proteins were exchanged into PEM buffer {80 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)], pH 6.8, 1 mM EGTA, and 1 mM MgCl 2 } using a desalting spin column (Pierce) immediately prior to the assay. In addition, CDC14B preparations were prespun through 50% glycerol cushion-PEM at 100,000 ϫ g for 15 min and the supernatants were used in the binding assays. For each assay, MTs were assembled from 100 g of pure tubulins (isolated from bovine brain; Cytoskeleton, Inc.) in 20 l of PEM containing 1 mM GTP and 5% glycerol at 35°C for 20 min and immediately stabilized in 200 l of warm PEM-20 M Taxol (paclitaxel). The MTs (4 M tubulin) were incubated with CDC14B
in a total volume of 50 l at room temperature for 30 min. The reaction mixtures were then centrifuged through a 50% glycerol cushion-PEM-Taxol at 100,000 ϫ g at 25°C for 15 min. The supernatant and pellet were resolved on 10% SDS-PAGE and the presence of CDC14B, CDC14A, and tubulin was detected by immunoblot analysis. Protein abundance in the control reactions was determined by Coomassie blue staining and densitometry. For MT-bundling assays, rhodamine-MTs were prepared using a mixture of 20 g of rhodamine-labeled tubulins (Ն99% pure, from bovine brain; Cytoskeleton, Inc.) and 100 g of unlabeled tubulins as described above. After incubating MTs (0.4 M tubulin) with CDC14B (0.04 M), CDC14A (0.03 M), MAP4 MTB (0.1 M), or MAP2 (0.3 M, from bovine brain; Cytoskeleton, Inc.) at room temperature for 30 min, the mixtures were immediately dropped onto slides and examined by fluorescence microscopy. Each protein of the same concentration for the MT-bundling assay was incubated with the MTs (0.2 M tubulin) for electron microscopic analysis. For each reaction mixture, 2 l was fixed in 60 l of warm PEM fixative containing 1% glutaraldehyde, 1 mM GTP, and 30% glycerol. Five microliters of the fixed samples was applied to grids with carbon and negatively stained with 2% uranyl formate. All images were recorded at magnifications of ϫ50,000 or ϫ70,000 under low-dose conditions with a JEOL 1200 EX II microscope at 100 kV.
Yeast growth conditions. Conditions for growth of the temperature sensitive cdc14-3 mutant strain were previously described (67) . Transformation of yeast cells was performed by the lithium acetate-polyethylene glycol method (13) .
Transformed cells were selected on His dropoff plates with and without 2% galactose at permissive (25°C) and nonpermissive (37°C) temperatures.
RESULTS

Conservation of CDC14B function.
To study the function of human CDC14B, we set out to determine whether human CDC14B is functionally equivalent to its yeast ortholog, Cdc14, by testing the ability of the human gene to complement a temperature sensitive (TS) cdc14-3 mutant strain of S. cerevisiae (49) . Expression of human CDC14B from the inducible GAL1 promoter efficiently restored growth of the cdc14-3 mutant strain at 37°C (Fig. 1A) . In contrast, when expressed at a level equivalent to CDC14B, human CDC14A failed to rescue the cdc14-3 strain (Fig. 1A and B) . As a control, Clp1p, a Schizosaccharomyces pombe ortholog of Cdc14 also rescued the cdc14-3 defect (65). To determine whether catalytic activity of CDC14B was required for complementation, the conserved cysteine (C314) and aspartate (D287) residues in the active site of CDC14B (15) were mutated to serine and alanine, respectively. Phosphatase assays confirmed that the CDC14B
C314S
and CDC14B
D287A mutant proteins were catalytically inert (Table 1) . Neither CDC14B C314S nor CDC14B D287A rescued cdc14-3 lethality at 37°C (Fig. 1A ). Human CDC14B is therefore a functional counterpart of the S. cerevisiae Cdc14 phosphatase.
Subcellular localization of CDC14B protein is cell cycle regulated. In S. cerevisiae, Cdc14 is regulated through sequestration in the nucleolus (55, 68) . To investigate whether a similar mechanism operates for human CDC14B, we examined the subcellular localization of CDC14B in U-2OS cells at different stages of the cell cycle. To do so, we developed a highly purified anti-CDC14B antibody by subjecting a commercial affinity-purified anti-CDC14B antibody (Zymed Laboratory, Inc.) to an additional round of purification against a GST-CDC14B fusion protein. Immunoblot analysis demonstrated that the purified antibody recognized a 62-kDa protein in U-2OS cells and that this species was not detected after predepletion or competition of the antibody with GST-CDC14B protein ( Fig. 2A, left) . This antibody preparation specifically recognized FLAG-tagged CDC14B expressed in transfected U-2OS cells but not FLAG-tagged CDC14A ( Fig. 2A, right) . Longer exposure of this blot revealed a species at a molecular weight consistent with endogenous CDC14B but not endogenous CDC14A (data not shown). In agreement with a previous report (27) a Twenty-one hours after transfection with the FLAG-tagged constructs indicated above, cells were coimmunostained with anti-FLAG and ␣-tubulin antibodies. The number of cells containing both cytoplasmic-bundled CDC14B and MT bundles were counted with a fluorescence microscope.
b FLAG-tagged CDC14B proteins were found in nucleoli and nuclei. c In vitro MT binding and bundling assays were performed using purified CDC14B His-tagged proteins (see Materials and Methods for details).
d The phosphatase activities of purified CDC14B His-tagged proteins were measured using -nitrophenyl phosphate as a substrate. All results represent at least triplicate experiments.
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ing the affinity-purified antibody revealed that CDC14B localized in nucleoli during interphase and dispersed throughout the cell during prophase and metaphase (Fig. 2B, top) . Significantly, we also found that CDC14B accumulated at the spindle midzone in anaphase, at the dense center of the midbody in telophase, and along the intracellular bridge at the termination of cytokinesis (Fig. 2B, top) . To affirm the specificity of the CDC14B staining, we showed that the anti-CDC14B antibody preincubated with GST-CDC14B did not reveal any CDC14B signal, regardless of the cell cycle stage (Fig. 2B , panel "compete"). We verified the specificity of midbody staining by colocalization of a midbody protein, AIM-1 (data not shown) (62) . Identical subcellular localization of CDC14B was observed with 293T and Saos-2 cells (data not shown).
The spindle midzone in anaphase contains bundled central MTs and many chromosomal passenger proteins (75) . To determine the relationship between CDC14B and bundled central MTs, we performed double immunofluorescence staining using anti-CDC14B and anti-␣-tubulin antibodies in U-2OS cells. In anaphase, CDC14B accumulated at the midzone in a region with overlapping MTs, while in telophase, CDC14B localized to the center of the midbody, which was flanked by the bundled MTs (Fig. 2B, bottom) . At the end of cytokinesis, when cells were approaching the final stage of separation, CDC14B became dispersed and localized along the intracellular bridge as the bundled MTs became thin and confined within the intracellular bridge (Fig. 2B, bottom) . CDC14B directly binds microtubules in vitro. The localization of CDC14B in central spindles suggests that CDC14B may interact with MTs. To test this hypothesis, we performed an , affinity-purified anti-CDC14B antibody with GST-CDC14B fusion protein (purified), anti-CDC14B antibody that has been preblocked with GST-CDC14B (compete) and anti-CDC14B antibody that has been predepleted with GST-CDC14B (deplete). (Right) U-2OS cells transiently transfected by FLAG-tagged-Cdc14A (lane 1) and -Cdc14B (lane 2) were analyzed by Western blotting using affinity-purified anti-CDC14B, anti-FLAG antibodies, or anti-CDC14B antibody that had been predepleted with purified GST-CDC14B protein (deplete). (B) U-2OS cells were labeled with affinity-purified antibody against CDC14B (red), monoclonal antibody against ␣-tubulin (green), and DAPI for DNA (blue). Representative CDC14B localizations in nucleoli, spindle midzone, midbody, and intracellular bridge at different stages of a cell cycle are shown. Note that CDC14B localizes to the equator of central spindle in anaphase, is confined to the dense center of midbody flanked by bundled MTs in telophase, and stretches out along intracellular bridging MTs at the end of cytokinesis. No nucleolar, midzone, or midbody staining was evident when the same anti-CDC14B antibody was preblocked with GST-CDC14B (compete).
4544
CHO ET AL. MOL. CELL. BIOL.
MT cosedimentation assay using His-tagged CDC14B (CDC14B-His) and Taxol-stabilized MTs assembled from purified tubulins. MTs were incubated with CDC14B-His in solution and then sedimented through a glycerol cushion by centrifugation. For these assays, it was essential that the CDC14B protein be freshly prepared (data not shown). At a tubulin:CDC14B molar ratio of 20:1 (based on the densitometry of the input proteins in Coomassie-stained gels), approximately 60% of the input wild-type CDC14B-His cosedimented with MTs, whereas in the absence of MTs CDC14B-His remained in the supernatant (Fig. 3A) . Because the sedimentation efficiency of MTs under these conditions was also approximately 60%, CDC14B was quantitatively bound to the purified MTs in this assay. As controls, after incubation with MTs, His-tagged MAP4 MTB (22) was recovered with similar efficiency, while BSA remained exclusively in the supernatant (Fig. 3B, bottom) . We then determined whether the interaction with MTs required CDC14B catalytic activity. Similar to wild-type CDC14B, catalytically inactive CDC14B C314S proteins associated efficiently with MTs (Fig. 3A) . Taken together, these results demonstrate that CDC14B can directly and specifically bind to MTs in vitro in a manner that appears to be independent of its catalytic activity. As a fraction of CDC14A was recently shown to associate with the spindle poles and the central spindle (17), we tested the possibility that CDC14A might also bind to MTs. Indeed, purified CDC14A-His was able to bind to MTs with a binding efficiency 11-fold higher than that of the background level, although capture was somewhat less efficient than for CDC14B (Fig. 3B) . The ability to interact directly with MTs may thus be a general property of the Cdc14 phosphatase family.
Cytoplasmic CDC14B has microtubule-bundling activity in vivo. The direct association of CDC14B with MTs in vitro prompted us to investigate a possible role of CDC14B in MT network regulation in vivo. For this purpose, we transfected FLAG-tagged wild-type CDC14B (CDC14B wt -FLAG) into U-2OS cells and then immunostained cells with anti-FLAG antibody. As reported previously (27) , the majority of the transfected cells exhibited colocalization of CDC14B with interphase nucleoli and nuclei (Table 1) . However, in 14% of the cells, CDC14B
wt -FLAG also appeared to be bundled as perinuclear rings or MT-like bundled structures. Double immunostaining with anti-FLAG and anti-␣-tubulin antibodies revealed that the CDC14B wt -FLAG bundles partially colocalized with MT networks (Fig. 4A, panels a to f) . To further investigate possible physical interactions between CDC14B and MT networks, we generated a CDC14B mutant that predominantly localizes in the cytoplasm, where MT networks are normally assembled. The first 54 amino acids of CDC14B contain a potential nucleolar targeting domain, the removal of which results in relocalization of the majority of CDC14B protein into the cytoplasm (27) . Within this domain, amino acid residues 7 to 32 ( 7 RRSSWAAAPPCSRRCSSTSPGVKKIR 32 ) contain a potential bipartite nuclear localization sequence (K/ R 2 -X 10-20 -K/R 3 ; in boldface type in the sequence above) (9) . To abrogate nuclear localization, we thus mutated the three basic residues at positions 29, 30, and 32 to alanines (CDC14B KKIR29-32AAIA , abbreviated as CDC14B KKIR ). In comparison with CDC14B wt -FLAG transfected cells, the number of cytoplasmic CDC14B bundles in CDC14B KKIR -FLAGtransfected cells was significantly increased (t test; P Ͻ 0.01) ( Table 1 ). All of the cytoplasmic CDC14B KKIR -FLAG protein appeared in rings or MT-like bundles and partially colocalized with MTs (Fig. 4A, panels a to f) . This pattern of CDC14B bundles resembled that of other MT-associated proteins, which often form bundled rings and irregular filaments when overexpressed in cells (2, 29, 34, 57, 63, 70, 72) . CDC14B KKIR -FLAG did not appear to colocalize with cytoskeletal intermediate filaments or actins by double immunostaining with anti-FLAG and anti-vimentin (VIM-3B4; Chemicon) antibodies, or with anti-FLAG antibody and fluorescein-conjugated phalloidin (Molecular Probes, Inc.) (data not shown). These results suggest that the 29 KKIR 32 motif restrains the ability of CDC14B to form cytoplasmic bundles, presumably through nucleolar and/or nuclear sequestration of CDC14B.
To determine whether CDC14B catalytic activity is required for its cytoplasmic translocation and MT bundling, we generated a double mutant by changing the active cysteine into wt -and CDC14B KKIR -FLAG (see also Table 1 ). Twenty-one hours after transfection, cells were fixed and immunostained with anti-FLAG and ␣-tubulin antibodies (No treatment). Representative images of CDC14B cytoplasmic bundles or perinuclear rings (arrows) and nucleolar or nuclear expression (arrowhead) are shown (a and d). CDC14B K&C -and CDC14B C314S -FLAG proteins showed similar bundling structures. However, the ratio of bundles versus nucleolar expression differed (see Table 1 for details). All cytoplasmic CDC14B bundles partially colocalized with the bundled MTs (c and f). After nocodazole (10 g/ml; 2 h) and Colcemid (500 ng/ml; 4 h) treatment, MT structures were completely disrupted in the nontransfected cells (h and, k). High dose of vinblastine (1 M; 4 h) resulted in the formation of tubulin-vinblastine paracrystals (n). In contrast, in cells expressing cytoplasmic CDC14B bundles, MTs remained bundled (h, k, and n) and colocalized with bundled CDC14Bs (i, l, and o). Red, CDC14B; green, tubulin; and blue, DNA. (B) In vitro MT-bundling assay. The MT-bundling activities of CDC14B and CDC14A were examined by incubating purified CDC14B wt -His, CDC14B KKIR -His, or CDC14A-His proteins with rhodamine-labeled MTs. Each reaction mixture was then applied to slides for examination under fluorescence (top) and electron microscopes (bottom). wt -His or MAP2 for 30 min at room temperature. Subsequently, the reaction mixtures were placed on ice for 30 min, followed by fluorescence microscopic examination. Cold-resistant MT bundles were also observed when CDC14B KKIR -His, CDC14B C314S -His, and CDC14B K&C -His proteins were used. K&C localization was about twofold less than that of CDC14B KKIR (t test; P Ͻ 0.005), it is possible that Cdc14B catalytic activity is required for Cdc14B release from the nucleoli and/or its maintenance in the cytoplasm. In all cases, however, each of the CDC14B variants showed very similar bundled structures and colocalization with MTs, regardless of catalytic activity. These findings suggest that the catalytic activity of CDC14B is not required for induction of MT bundles in the cytoplasm or for localization of CDC14B within these MT bundles. Similar results were also obtained when wild-type or mutant CDC14B was expressed as GFP fusions from a doxycycline-regulatable promoter (see Table S1 in the supplemental material). We noticed that the CDC14B wt -EGFP cells also formed intranuclear filamentous structures and associated with centrosomes, depending on the level of protein expression (see Fig. S1 in the supplemental material) in agreement with a recent report (39) .
MT-bundling activity of CDC14B. The collective evidence that CDC14B localizes to midzone central spindles (Fig. 2B) , directly binds to MTs in vitro (Fig. 3) , and causes MT bundling in vivo (Fig. 4A , panels a to f) suggests that CDC14B might be a bona fide MT-bundling protein. We therefore examined the effects of CDC14B in an in vitro MT-bundling assay based on the visualization of MTs from rhodamine-labeled tubulins. Purified CDC14B
wt -His or CDC14B KKIR -His proteins were incubated with rhodamine-MTs, and the reaction mixtures were examined immediately by fluorescence microscopy. CDC14B stimulated the formation of thick and long MTs (Fig. 4B, top) , comparable to the MTs bundled by the MAP4 MTB -His protein used as a positive control (22) . A similar result was obtained when CDC14A-His was used in the MT-bundling assay (Fig.  4B, top) . In contrast, MTs were thin and short in the presence of the MAP2 protein, which is unable to support MT bundling in vitro (5, 28) . Thin and short MTs were also observed when BSA was used as a negative control (data not shown). To confirm that the thick and long MTs were indeed MT bundles, we examined the reaction mixtures by electron microscopy. Compared with a single MT seen in the presence of MAP2, ordered arrays of multiple MTs were observed in the presence of CDC14B wt -His, CDC14B KKIR -His, CDC14A-His, and MAP4 MTB -His (positive control) proteins (Fig. 4B, bottom) . CDC14B KKIR -bundled MTs often formed tighter bundles and contained more MTs than CDC14B wt -bundled MTs, suggesting that the 29 KKIR 32 sequence may partially impair MT bundling, in addition to serving as a nuclear localization signal. All of the CDC14B proteins that bound to MTs also appeared to support MT bundling in vitro, even those mutants devoid of phosphatase activity (Table 1) . The results obtained in this purified system suggest that both CDC14A and CDC14B have intrinsic MT-bundling activity.
To examine whether the MT-bundling activity of CDC14B plays a role in MT regulation, we first tested MT stability by treating U-2OS cells with MT depolymerization reagents. Twenty-one hours after transfection with various Cdc14B-FLAG constructs (Table 1) , cells were treated with nocodazole (10 g/ml; 2 h), Colcemid (500 ng/ml; 4 h) or vinblastine (1 M; 4 h) and then double labeled with anti-FLAG and anti-␣-tubulin antibodies. In nontransfected cells, nocodazole and Colcemid completely disrupted MT networks (Fig. 4A , panels h and k), while treatment with vinblastine induced multiple vinblastine-tubulin paracrystals (56) (Fig. 4A, panel n) . However, in cells bearing cytoplasmic CDC14B bundles, the MT network structures were refractory to disruption by each of the drugs tested (Fig. 4A , panels h, k, and n). Importantly, in the drug-treated cells the stabilized MTs colocalized exclusively with cytoplasmic CDC14B (Fig. 4A , panels i, l, and o), in comparison with the partial colocalization of MTs with CDC14B in untreated cells (Fig. 4A, panel c) . To test whether CDC14B could directly stabilize MTs independently of any other MT-associated proteins, we examined the effect of CDC14B on MT cold sensitivity in the in vitro-purified system. Most mammalian MTs are cold sensitive and undergo rapid disassembly at low temperatures (69) . When MTs were premixed with CDC14B-His protein and incubated on ice for 30 min, there was little or no depolymerization (Fig. 4C) . In contrast, in the presence of MAP2, most MTs disassembled upon incubation at the low temperature (Fig. 4C) . CDC14B stabilizes microtubules that are enriched in acetylated ␣-tubulins. Acetylated ␣-tubulin accumulates in stable MTs (44, 47, 52, 60, 71) . To further verify the MT stabilization by CDC14B, we examined the tubulin acetylation status of the drug-resistant MTs. When nocodazole-treated cells expressing CDC14B bundles were examined using an antibody specific to acetylated ␣-tubulin, we found that the nocodazole-resistant MTs were enriched with acetylated tubulins and completely colocalized with the CDC14B bundles (Fig. 5A, top) . Colocalization of acetylated ␣-tubulin and CDC14B was also detected in the absence of nocodazole treatment (Fig. 5A, bottom) . Immunoblot analysis revealed that acetylated tubulins accumulated in Cdc14B KKIR -FLAG-transfected cells (Fig. 5B, lanes 4  and 9) , regardless of nocodazole treatment. Because the majority of the ectopically expressed CDC14B wt , CDC14B K&C , and CDC14B C314S proteins were constrained to the nucleoplasm and nucleoli (Table 1) , we were not able to detect accumulation of acetylated tubulin in these cells (Fig. 5B, lanes  2, 3, 5, 7, 8, and 10 ). These findings strengthen the suggestion that CDC14B is an MT-stabilizing protein.
Cytoplasmic CDC14B delays microtubule nucleation from MTOCs. MTs emanating from MTOCs in interphase cells can rapidly reorganize to form a bipolar mitotic spindle during cell division. The dynamic behavior of these MTs can be analyzed by measuring the kinetics of MT nucleation from MTOCs (12, 47) . Analysis of MTs recovered after nocodazole treatment revealed that while MT nucleation from MTOCs still occurred, these events were considerably delayed in cells bearing cytoplasmic CDC14B bundles. Two minutes after nocodazole washout, nontransfected cells exhibited long MTs radiating from MTOCs (Fig. 6, top right panel) , whereas no obvious MTOC could be identified in the cytoplasmic CDC14B expressing cells (Fig. 6, top (Fig. 6 , bottom), as described by others (47, 57) . At this time point, however, only a small fraction of cells bearing cytoplasmic CDC14B bundles had initiated MT nucleation from MTOCs (Fig. 6 , bottom, right). Despite impairment of MT nucleation by cytoplasmic CDC14B, we did not observe any alteration of centrosome copy numbers by immunostaining for ␥-tubulin (data not shown). These results suggest that alteration of CDC14B subcellular localization can alter MT dynamics and that CDC14B-mediated MT stabilization may delay MT nucleation.
DISCUSSION
Human CDC14B is the functional ortholog of budding yeast Cdc14, as judged by its ability to complement yeast strains defective in Cdc14 function and the analogous spatial regulation evident in both yeast and human cells. In budding yeast, Cdc14 is sequestered in the nucleolus prior to anaphase through binding to its nucleolar inhibitor Net1/Cfi1 (55, 68) . Release of Cdc14 from the nucleolus in the late stages of mitosis allows the dephosphorylation of substrates and subsequent exit from mitosis (67) . We suggest that a similar nucleolar sequestration mechanism may in part serve to prevent CDC14B from directly interacting with interphase MTs in human cells. Failure to prevent this interaction will have dire effects on MT networks and dynamics. As there is no obvious metazoan homolog of Cfi1/Net1, it has yet to be determined how sequestration of CDC14B in the nucleolus is controlled. However, the potential bipartite NLS containing the 29 KKIR 32 sequence within CDC14B could interact with importin ␣ and ␤ in a manner similar to that of other MT-associated proteins, such as NuMA and TPX2 (25) . Alternatively, it is possible that this motif may mediate an interaction of CDC14B with an unknown nucleolar anchor protein(s). Regardless of the precise mechanism, reimport of CDC14B into the nucleus and/or nucleolus after mitosis must be necessary to prevent disruption of nascent MT networks in G 1 phase. The cell cycle-dependent subcellular localization of CDC14B to spindle structures resembles that of other midzone-midbody-associated proteins, for example, PRC1, CHO1, and PTP-BL (20, 36, 37) . Sequence analysis of CDC14B did not reveal any consensus repetitive motifs commonly observed in the MT binding domains of other MAPs, such as Tau, MAP2, and MAP4 (10, 41) , suggesting that CDC14B may contain novel MT binding motifs. The induction of drug-and cold-resistant MT bundles associated with CDC14B overexpression indicates that CDC14B can regulate MT stability. Many other MAPs such as Tau, MAP2, and NuSAP are capable of stabilizing MTs both in vivo and in vitro (31, 50, 60) . During anaphase, central overlapping MTs become bundled to form the midzone central spindle (35) . Successful completion of cytokinesis depends on the timely and spatially regulated KKIR -FLAG, cells were exposed to the MT depolymerization drug nocodazole (10 g/ml) for 2 h and then washed out of nocodazole, followed by 2-, 4-, 6-, 8-, and 12-min incubation in warm fresh culture medium. Representative results from 2-and 12-min time points are shown. Transfected CDC14B proteins and MTs were visualized by being stained with anti-FLAG (left) and ␣-tubulin (right) antibodies. Two minutes after nocodazole washout, long MTs were nucleated from MTOCs in nontransfected cells (2 min; arrowhead). In contrast, MTs remained bundled and no obvious MTOC appeared in cells with CDC14B bundles at the 2-min time point. Twelve minutes after nocodazole washout, all of the nontransfected cells appeared to be repopulated by relative normal MT arrays. In contrast, only a small portion of CDC14B-bundled cells just started to nucleate MTs from semiprominent MTOCs (arrowhead). (39) . In agreement with this suggestion, we found that a portion of CDC14B was localized to centrosomes when expressed at a low level but to intranuclear filaments and cytoplasmic bundles when expressed at a high level from a doxycycline-regulatable promoter (see Fig. S1 in the supplemental material). CDC14B may thus play a number of roles in mitosis, including spindle and centrosome regulation and control of nuclear architecture. At this point, genetic evidence in support of this notion in mammalian cells is lacking, in part because small interfering RNA and short hairpin RNA approaches fail to completely eliminate CDC14B protein and cause little or no defect in tissue culture cells (reference 39 and data not shown). Genetic analysis of CDC14B function must await generation of CDC14B null cell lines or CDC14B knockout mice. Interestingly, ectopic expression of PLK1, Cdc5-like polo-like kinase 1 (38) , in CDC14B knockdown cells led to severe nuclear deformation and cytokinesis defects (39) . This synthetic genetic interaction between PLK1 and CDC14B may in part reflect the fact that the two proteins regulate cytokinesis in the same pathway, in agreement with our finding that CDC14B may be involved in the regulation of central spindle formation. Our observation that acetylated ␣-tubulin accumulates in MT bundles of CDC14B transfected cells is consistent with the fact that overexpression of other MT-associated proteins, such as MAP1B, MAP2, or TAU, increases MT stability and ␣-tubulin acetylation (60) . In several experimental systems, acetylated ␣-tubulins are most abundant in stable MTs but absent from more dynamic MT structures (44, 47, 52, 60, 71) . Concordantly, we find that CDC14B protein normally localizes in the spindle midzone and the center of the midbody, precisely when acetylated tubulins accumulate in the stable MTs (47) . It is possible that under physiological conditions, CDC14B participates in the establishment and/or maintenance of MT stabilization in the spindle midzone either through directly stabilizing and bundling MTs and/or through modulating tubulin acetylation. Recently, it has been suggested that CDC14B dephosphorylates a tubulin deacetylase, SIRT2, which in turn triggers SIRT2 ubiquitination and degradation (11, 42) . It is conceivable that CDC14B exerts its effects on MT stabilization in part through SIRT2 degradation and consequent accumulation of acetylated tubulins. However, we cannot rule out the possibility that CDC14B stabilizes MTs and that these stabilized MTs accumulate acetylated tubulins, as suggested by Palazzo et al. in drug-induced tubulin acetylation experiments (44) .
Cytoskeletal MTs undergo continuous assembly and disassembly during the cell cycle and development (12, 19, 54) . We have found that inappropriate localization of CDC14B to the cytoplasm delays MT nucleation from MTOCs. The timely regulated exit of CDC14B from the nucleolus during the cell cycle may well be critical to avoid disruption of MT dynamics. Recently, Saito et al. demonstrated that CDC14 promotes cell cycle arrest in various tissues of C. elegans, possibly through regulating CKI-1 protein stability (53) . It is possible that CDC14 participates in both cell cycle regulation (53) and microtubule organization (16) in C. elegans. Indeed, constitutive expression of cytoplasmic CDC14B causes MT bundling and stabilization and arrests cells in G 1 (our unpublished observations). Overexpression of the MT-associated protein MAP4 also stabilizes MTs and significantly delays G 1 /S transition (40) , while the anticancer agent Taxol induces MT hyperpolymerization and blocks untransformed cells in late G 1 through an as-yet-uncharacterized MT-dependent G 1 checkpoint mechanism (66) .
As a dual-specificity phosphatase, CDC14B executes its functions in part through dephosphorylation of proteins that are phosphorylated by proline-directed kinases (15, 27) . The spectrum of Cdc14 substrates encompasses a number of proteins important for CDK regulation. A spindle-associated function has been established for Cdc14 in yeast, as it has been demonstrated that dephosphorylation of Sli15 by Cdc14 directs Sli15-Ipl1, an INCENP/Aurora kinase-like complex, to the spindle midzone in a step important for central spindle assembly (45) . Since INCENP is phosphorylated prior to mitosis in higher organisms (4), the intrinsic MT-stabilizing and -bundling properties of CDC14B may serve to direct CDC14B to the central spindle where it coordinates central spindle assembly with INCENP dephosphorylation. Indeed, CDC14A localizes to the central spindle and can dephosphorylate mitotic INCENP (17) ; furthermore, we demonstrated here that CDC14A can bind and bundle MTs in vitro. Given that both CDC14A and CDC14B are present in the central spindle, it will be important to determine whether the two phosphatases act in synergy to regulate INCENP dephosphorylation and central spindle formation. In addition to the catalytic functions of Cdc14 in spindle dynamics, we have found that CDC14B can unexpectedly bind, stabilize, and bundle MTs independently of its phosphatase activity. Thus, CDC14B may directly stabilize and organize the central spindle independently of any intermediate substrate. To our knowledge, this is also the first instance in which the biological function of a phosphatase has been segregated from its intrinsic phosphatase activity. Elucidation of the mechanisms that regulate CDC14B and the means whereby it alters MT dynamics will undoubtedly be crucial for understanding mitotic transition in the normal and cancer cell cycles.
